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We have studied the circular photogalvanic effect (CPGE) in Cu/Bi bilayers. When a circularly
polarized light in the visible range is irradiated to the bilayer from an oblique incidence, we find
a photocurrent that depends on the helicity of light. Such photocurrent appears in a direction
perpendicular to the light plane of incidence but is absent in the parallel configuration. The helicity
dependent photocurrent is significantly reduced for a Bi single layer film and the effect is nearly
absent for a Cu single layer film. Conventional interpretation of the CPGE suggests the existence
of spin–momentum locked band(s) of a Rashba type in the Cu/Bi bilayer. In contrast to previous
reports on the CPGE studied in other systems, however, the light energy used here to excite the
carriers is much larger than the band gap of Bi. Moreover, the CPGE of the Cu/Bi bilayer is larger
when the energy of the light is larger: the helicity dependent photocurrent excited with a blue light
is nearly two times larger than that of a red light. We therefore consider the CPGE of the Cu/Bi
bilayer may have a different origin compared to conventional systems.
Spin–momentum locked bands are one of the key sig-
natures of the emergence of topologically protected states
in topological insulators and Weyl semimetals[1]. Such
bands also appear in heterostructures with broken struc-
ture inversion symmetry and/or large spin orbit coupling
(SOC)[2–4]. The spin texture of the spin–momentum
locked bands in the reciprocal space depends on the
symmetry of the system. For example, the electron’s
spin and momentum directions are orthogonal to each
other for systems that can be described by a Rashba
Hamiltonian[5, 6].
The presence of spin–momentum locked bands within
the bulk or at surfaces/interfaces allows generation
of non-equilibrium spin accumulation when current is
passed to the system[7, 8]. Significant effort has been
placed to generate spin accumulation in semiconductor
heterostructures[9, 10]. Recent studies have extended
such effort into metallic heterostructures[2, 6, 11, 12],
where the SOC can be larger than that of typical semi-
conductor heterostructure constituents. Current-induced
spin accumulation at interfaces has been reported in
metallic heterostructures which manifests itself in magne-
tization switching and domain wall motion[13, 14]. It is
thus of high importance to identify the presence of spin–
momentum locked bands in thin film heterostructures.
Angle resolved photoemission spectroscopy (ARPES)
is a powerful tool to study band structures and has been
used to reveal the surface electronic states of, for exam-
ple, topological insulators and Weyl semimetals[1]. How-
ever, its use is typically limited to clean surfaces and
involves difficulty in studying interface states of films
which are not particularly clean (e.g. films deposited by
sputtering). To study spin–momentum locking of such
interface states, it has been shown recently that combi-
nation of spin pumping and the inverse Rashba-Edelstein
effect (IREE) allows its direct probing[2–4]. Spin current
generated from a ferromagnetic layer via spin pumping
diffuses into an interface with strong spin orbit coupling
where IREE converts spin current into electric current.
The Rashba parameter of interface states has been esti-
mated using this approach and is expanding its use to
different systems.
Another approach to studying the electronic struc-
ture is the circular photogalvanic effect (CPGE)[15, 16].
When a circularly polarized light is irradiated to a sam-
ple from an oblique incidence, carriers with fixed spin
orientation are excited due to the selection rule (under
the presence of spin orbit coupling) and conservation of
spin angular momentum. The excited carriers diffuse
along a direction perpendicular to the spin orientation
when a spin–momentum locked band of Rashba type
is involved in the excitation process. Under such cir-
cumstance, a spin polarized photocurrent flows orthogo-
nal to the light plane of incidence. Studies of such he-
licity dependent anisotropic photocurrent allows direct
probing of the spin–momentum locked bands within the
sample. The CPGE has been observed in semiconduc-
tor heterostructures[17–19] and more recently in topo-
logical insulators[20–23], Weyl semimetals [24] and the
two dimensional calchogenides[25, 26]. In contrast to
the spin voltaic effect that has been observed in semi-
conductor heterostructures due to optically induced spin
accumulation[27–30], the CPGE does not require any
magnetic field or ferromagnetic layer. In addition, the
photovoltage generated from the spin voltaic effect ap-
pears along the film (interface) normal whereas the pho-
tocurrent associated with the CPGE is often observed
along the film plane.
Here we use the CPGE to study the presence of spin–
momentum locked bands in (semi-)metallic heterostruc-
tures. In Cu/Bi bilayers, we measure the photocurrent
when a polarized light in the visible range (405 nm and
635 nm) is irradiated to the sample from an oblique angle.
Light helicity dependent photocurrent is found along the
direction orthogonal to the light plane of incidence but
is negligibly small in the direction parallel to it. The he-
licity dependent anisotropic photocurrent is significantly
reduced in a Bi single layer film and is nearly zero for
2Figure 1. Schematic illustration of the experimental setup.
The yellow caterpillar-like structure illustrates the area where
the film is deposited through a shadow mask: the surrounding
grey area represents the substrate. Light is irradiated from
an oblique angle θ with respect to the film plane. φ is defined
as the angle between the light plane of incidence and the long
axis of the wire.
a Cu single layer film. Although the CPGE may origi-
nate from spin–momentum locked bands formed at local
Cu/Bi interfaces, we infer it may include contributions
from the bulk of the bilayer as the light energy is much
larger than the band gap of Bi.
Films are deposited via RF magnetron sputtering on
Si substrates coated with 600 nm thick thermal oxide
(SiO2). We show representative results from three film
structures, A: sub./0.5 Ta/2 Cu/10 Bi/2 MgO/1 Ta,
B: sub./0.5 Ta/2 Cu/2 MgO/1 Ta and C: sub./10 Bi/2
MgO/1 Ta (thickness in nm). The 2 MgO/1 Ta is used as
a capping layer to prevent oxidation and possible subse-
quent degradation of the top layer. The half a nanometer
thick Ta layer underneath the 2 nm Cu layer (samples A
and B) is used as a seed layer to promote uniform growth
of the Cu layer. The resistivities of the Bi and Cu layers
are measured using four-point probe technique and are
found to be ∼ 820 µΩ·cm and ∼ 110 µΩ·cm, respectively.
Films are deposited through a metallic shadow mask to
create patterned structures. A schematic illustration of
the patterned structure is shown in Fig. 1. An elon-
gated wire with contact pads attached to the sides and
ends is used to study the spatial profile of the photocur-
rent/photovoltage. The width of the wire is ∼ 0.4 mm.
The side contact pads are located ∼ 1 mm apart and are
labeled with numbers (0 to 7) as depicted in Fig. 1.
A continuous wave (CW) semiconductor laser (wave-
length: 405 nm (635 nm), power: 4.0 mW (4.5 mW)) is
used to generate light. The laser light is chopped at a
frequency f ∼ 311 Hz: the frequency is chosen to avoid
noise from the power line. The laser spot at the sam-
ple is a circle with a diameter of ∼ 0.5 mm. The light
is irradiated at the center of the sample, between side
contacts 3 and 4, from an oblique angle θ (see Fig. 1 for
the definition of angles θ and φ). We use θ ∼ 45◦ which
gives a relatively large CPGE[18, 22, 26]. The azimuthal
Figure 2. Normalized photovoltage (V/P ) of Cu/Bi bilayer
(sample A). Voltage between side contacts 7 and 0 are mea-
sured. The light (wavelength: 405 nm) is incident from
φ = 90◦ (a) and φ = 0◦ (b). The open circles represent exper-
imental data, the green dashed line shows fit to the data with
Eq.(1). The red, dark blue and light blue solid lines show con-
tributions from the C, L1, and L2 terms, respectively. The
constant D term is subtracted from the results.
angle φ is set to either 0◦ or 90◦ to study the relationship
between the light plane of incidence and the direction of
the photocurrent/photovoltage. The light plane of inci-
dence is defined as the plane that contains both the film
normal and the light propagation vector.
We use an open circuit condition to measure the pho-
tovoltage V and estimate the corresponding photocur-
rent by dividing V with the resistance of wire between
contacts 3 and 4. The resistance is determined using the
four-point probe technique. The photovoltage V between
side contacts i (i = 0...7) and 0 (contact 0 is always set as
the reference) is measured using a lock-in amplifier with
its frequency locked to the laser light chopping frequency
f . The reflected light from the sample is measured us-
ing a photodetector and its signal is measured together
with the photovoltage to determine the phase of V with
respect to the light irradiation.
A quarter wave plate is used to control the light helic-
ity. We rotate the quarter wave plate within the plane
normal to the light propagation. The angle of the rota-
tion is defined as α (see Fig. 1). Here the light is linearly
(s-) polarized when α = 0◦, 90◦, 180◦, 270◦. The light
is circularly polarized when α = 45◦, 225◦ (left handed)
and 135◦, 315◦ (right handed). At a given θ and φ (θ
is always fixed to 45◦), the quarter wave plate is rotated
to measure the α dependence of V . All measurements
are performed at room temperature under ambient con-
dition.
The open circles in Fig. 2 show the light helicity depen-
dence of photovoltage V , normalized by the laser power
P , between side contacts 7 and 0 of the Cu/Bi bilayer
(sample A). The light plane of incidence is orthogonal
(φ ∼ 90◦) and parallel (φ ∼ 0◦) to the wire’s long axis in
Figs. 2(a) and 2(b), respectively. For φ ∼ 90◦, we find a
large difference in V/P when left and right handed cir-
cularly polarized light is irradiated. In contrast, V/P for
φ ∼ 0◦ shows little dependence on the light helicity and
instead a difference in V/P is observed when circularly
3Figure 3. Spatial profile of C (top panels), L1 (middle pan-
els) and L2 (bottom panels) for the Cu/Bi bilayer (sample
A). The light is incident from φ = 90◦ (a) and φ = 0◦ (b).
The blue circles and the red squares show the corresponding
parameters (C, L1 and L2) obtained from measurements of
the photovoltage using laser light with wavelength of 405 nm
and 635 nm, respectively. The yellow shaded area represents
the location of the laser spot.
polarized light and linearly polarized light are irradiated.
To characterize the normalized photovoltage, we fit the
experimental results with the following phenomenological
form:
V/P =C sin 2(α+ α0)
+ L1 sin 4(α+ α0) + L2 cos 4(α+ α0) +D
(1)
where C represents the difference in the photovoltage
when left and right handed polarized light are irradiated,
L1 and L2 are the change in the photovoltage between
irradiation of circularly polarized light and linearly po-
larized light (with a phase difference of 22.5◦ between the
two). In theory, C represents the strength of the CPGE
and L1 and L2 correspond to the linear photogalvanic
and the photon-drag effects, respectively[22, 25, 31]. D
is a constant independent of α. α0 is an offset angle asso-
ciated with the quarter wave plate and the experimental
setup: here α0 ∼ −7
◦ and ∼ 3◦ for the setup with laser
wavelength of 405 nm and 635 nm, respectively.
The green dashed lines in Figs. 2(a) and 2(b) show the
results of fitting with Eq. (1): the solid lines show con-
tributions from each component (C, L1, L2). As evident,
the CPGE term is dominant (solid red line) for φ ∼ 90◦
(Fig. 2(a)): C is ∼ 49 µV/W which corresponds to a pho-
tocurrent of ∼ 80 nA/W. This is in similar magnitude
with what has been observed in other systems[22, 26]. In
contrast, C is nearly zero when φ ∼ 0◦ and we find the
L2 term dominates the signal with L2 ∼ 9 µV/W.
The spatial profile of each component of the normalized
photovoltage is shown in Fig. 3. The position of one of
the voltage probes is varied from side contacts 0 to 7:
the reference voltage probe is fixed to contact 0. Results
Figure 4. (a,b) Normalized photovoltage (V/P ) of the Cu
single layer film, sample B (a) and the Bi single layer film,
sample C (b). Voltage between side contacts 7 and 0 are
measured. The light (wavelength: 405 nm) is incident from
φ = 90◦. The open circles represent experimental data, the
green dashed line shows fit to the data with Eq.(1). The red,
dark blue and light blue solid lines show contributions from
the C, L1, and L2 terms, respectively. The constant D term
is subtracted from the results.
from light wavelength of 405 nm (blue circles) and 635
nm (red squares) are shown together. We find nearly zero
C for φ ∼ 0◦, consistent with the results of Fig. 2(b) .
For φ ∼ 90◦, C abruptly changes across the laser light
spot, i.e. between contacts 3 and 4. C is constant on
both sides of the light spot. These results suggest that
the CPGE occurs within the area of side contacts 3 and
4 (it is likely that the effect takes place within the laser
spot). As the excited carriers due to the CPGE flow
within this area, we divide the measured photovoltage
V by the resistance of the wire between contacts 3 and
4 to estimate the corresponding photocurrent I from V
(note that V is constant across the laser spot). I will
thus provide the lower limit of the actual photocurrent
generated via the CPGE.
We find C is larger for the blue light (wavelength: 405
nm) than that for the red light (wavelength: 635 nm).
Note that energy of the blue and red light is much larger
than the band gap of Bi[32, 33]: it is thus not obvious
whether the number of excitation that contributes to the
generation of the CPGE scales with the light energy in
the visible range. We find also a step like features across
the laser spot in L1 with φ ∼ 90
◦ and L2 with φ ∼ 0
◦.
In addition, L1 and L2 show a broad background signal
with an extremum near the laser spot. The tail of the
background signal extends to the edge of the wire, and
the profile looks similar for both configurations φ ∼ 90◦
and 0◦. Such large length scale (millimeter long diffu-
sion length) is consistent with laser-induced heating and
thermal diffusion.
To identify the origin of the CPGE in Cu/Bi bilayer,
we have studied the photovoltage of the Cu (sample B)
and Bi (sample C) single layers. The α dependence of
V/P for the two samples is shown in Fig. 4. Side contacts
7 and 0 are used to probe the photovoltage. Blue light
(wavelength: 405 nm) is irradiated and the angle φ is set
to 90◦. The experimental results in Fig. 4 are fitted using
4Table I. Photogalvanic constants, C, L1 and L2, for samples
A, B and C. The normalized photocurrent I/P [nA/W]
is obtained by dividing the normalized photovoltage V/P
[µV/W] with the measured resistance of the wire between
side contacts 3 and 4. The photovoltages of side contacts 7
and 0 are taken: the light wavelength is 405 nm.
Sample φ C L1 L2
V/P I/P V/P I/P V/P I/P
A: Cu/Bi 90◦ 49.2 80.0 4.9 8.0 3.7 6.0
0◦ −0.5 −0.8 0.8 1.3 8.8 14.3
B: Cu 90◦ 0.4 0.3 −0.9 −0.6 11.6 8.2
C: Bi 90◦ 7.2 5.0 −0.3 −0.2 −19.2 −13.5
Eq. (1): the fitting results are displayed using the dashed
and solid lines. A summary of the fitting parameters for
all samples are shown in Table I.
For the Cu single layer (Fig. 4(a)), we find V/P that
is dominated by the L2 term: L1 and C are nearly zero.
Table I shows that the L2 term is similar in magnitude
for all samples. This is consistent with the observation
that the L2 term originates from an effect that occurs
within the bulk of the film[25]. (Note that the degree
of absorption is different when the irradiated light is
linearly polarized and circularly polarized. Such differ-
ence likely contributes to the generation of L2.) The
CPGE of the Bi single layer film is non-negligible: we
find C ∼ 7µV/W (the corresponding photocurrent is ∼
5 nA/W). Although Bi itself is known to possess spin-
momentum locked bands in its surface state[34, 35], the
observed C is nearly an order of magnitude smaller than
that found in the Cu/Bi bilayer. These results sup-
port the conventional interpretation that the CPGE of
the Cu/Bi bilayer (sample A) originates, if not entirely,
from spin–momentum locked bands of Rashba type at
the Cu/Bi interface.
Atomic force microscopy (AFM) imaging and X-ray
diffraction (XRD) are used to characterize the film struc-
ture (see supplementary material). The AFM images
show the Cu/Bi bilayer (sample A) and the Bi single layer
film (sample C) grow in three dimensional form[36] with
typical grain size of ∼ 100 nm and ∼50 nm, respectively.
From the XRD spectrum, we find the grains of the bi-
layer are textured but oriented in random directions. As
we find diffraction peaks from the plane perpendicular to
the c-axis of the hexagonal phase of Bi, which is known
to give relatively large Rashba coupling at surfaces or in-
terfaces between Bi(001) and various materials[2, 34, 37],
the CPGE of the bilayer may originate from local Cu/Bi
interfaces with spin–momentum locked bands of Rashba
type. (It is not clear how the other planes that exist in
the bilayer contribute to the CPGE.)
Previous studies on the CPGE show that the helic-
ity dependent photocurrent is the largest when the light
energy is close to the bandgap of the system[16]. In con-
trast, here we find the CPGE can be induced by light
with its energy being much larger than the band gap
of Bi. Moreover, the helicity dependent photocurrent is
larger for larger light energy. It is therefore possible that
the origin of the helicity dependent anisotropic photocur-
rent is different from that of conventional systems, e.g.
semiconductor heterostructures. We infer the CPGE in
Cu/Bi bilayer may originate from spin dependent scat-
tering of the photo-excited carriers via the strong spin
orbit coupling of Bi. The existence of Cu atoms in Bi,
which may occur by thermal diffusion, may enhance the
spin dependent scattering as Bi doped Cu induces giant
spin Hall effect[38].
In summary, we have studied the circular photogal-
vanic effect (CPGE) in Cu/Bi bilayers excited by visible
light. We find helicity dependent photocurrent that
appears only along the direction perpendicular to the
light plane of incidence. These results indicate that the
spin selective photo-excited carriers in the Cu/Bi bilayer
undergo processes that break the symmetry within the
film plane and generate the anisotropic photocurrent.
The anisotropy of the helicity dependent photocurrent
agrees with the existence of spin–momentum locked
bands of Rashba type. Reference films consisting of sin-
gle layer of Cu or Bi show reduced signal of the CPGE,
suggesting that the spin–momentum locked bands of
Rashba type emerge at the Cu/Bi interface. In contrast
to previous studies, however, the CPGE is observed with
light excitation energy that is orders of magnitude larger
than the characteristic energy of the system, i.e. here
the bandgap of Bi. Furthermore, the helicity dependent
anisotropic photocurrent is larger for excitation light
with larger energy. Although the CPGE of the bilayer
may as well originate from spin–momentum locked
bands formed at local Cu/Bi interfaces, we infer that
it includes contribution from other effects. To reveal
the exact mechanism of the excitation and relaxation
processes, further experiments, including studies on the
effect of layer thickness, film stacking and magnetic field
on the CPGE, are required.
APPENDIX
A. Structural characterization
The atomic force microscopy (AFM) images of the
Cu/Bi bilayer (sample A) and the Bi single layer film
(sample C) are shown in Figs. 5(a) and 5(b), respectively.
Representative line profiles of the corresponding image
are shown in Figs. 5(c) and 5(d). The image and the line
profile show that grains with lateral diameter of the or-
der ∼ 100 nm are formed for the bilayer whereas smaller
grains (diameter of ∼50 nm) are found for the Bi single
layer film. As Bi is known to grow in three dimensional
form[36], we consider the grains consist of Bi.
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Figure 5. (a-f) Atomic force microscopy (AFM) image (a,b),
the line profile of the corresponding AFM image along the red
line (c,d) and the X-ray diffraction (XRD) spectrum (e,f) of
the Cu/Bi bilayer, sample A, (a,c,e) and the Bi single layer,
sample C (b,d,f). The indices in (e,f) represent peaks asso-
ciated with the hexagonal unit cell of Bi. The peak marked
with * is due to diffraction from the substrate, i.e. from the
Si (002) planes.
The X-ray diffraction (XRD) spectrum of the bilayer
and the Bi single layer are shown in Figs. 5(e) and 5(f),
respectively. The diffraction peaks are indexed using the
hexagonal phase of Bi. The peaks found in the bilayer
[Figs. 5(e)] correspond to those often found in powder
samples, suggesting that the grains are textured but ori-
ented in random directions. Note that the (003) and
(006) peaks correspond to diffraction from the plane per-
pendicular to the c-axis. This plane is known to give
relatively large Rashba coupling at surfaces or interfaces
between Bi(001) and various materials[34, 37]. The XRD
spectrum of the Bi single layer film [Figs. 5(f)] shows
peaks from the c-plane, i.e. the (003) and (006) peaks,
and the (012) plane. The other peaks found in the bilayer
are nearly absent.
It is thus possible that local Cu/Bi(001) interfaces
forming spin–momentum locked bands of Rashba type
give rise to the helicity dependent anisotropic photocur-
rent. With regard to the structural difference of the bi-
layer and the Bi single layer films, the diffraction peak
from the (012) plane is significantly larger for the former.
In addition, diffraction from (104), (015) and (107) planes
are only present for the bilayer. The Bi surface states as-
sociated with these planes may possibly contribute to the
CPGE of the bilayer.
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